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Edited by Peter BrzezinskiAbstract CcmH functions in the assembly of c-type cyto-
chromes in the Escherichia coli periplasm. The conserved cys-
teine pair in the N-terminal of its two membrane-anchored
periplasmic domains is thought to reduce the CXXCH motif of
cytochromes c. The recent structure of Pseudomonas aeruginosa
CcmH identiﬁed conserved residues that might be functionally
important. We replaced with alanine the active-site cysteines of
E. coli CcmH, as well as R42, S54, R63, and tested the eﬀects
on cytochrome c production anaerobically and aerobically.
Unexpectedly, replacement of the conserved non-cysteine
active-site residues had little eﬀect, whilst the cysteines were
required under aerobic, but not anaerobic, conditions. We
conﬁrmed that removal of the C-terminal tetratricopeptide-
like domain does not, surprisingly, abolish assembly of cyto-
chromes c.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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oxidoreductase1. Introduction
The ccm genes (cytochrome c maturation, ccmABC-
DEFGH), found in many Gram-negative bacteria and
plant mitochondria, encode proteins required for the syn-
thesis of c-type cytochromes. In Escherichia coli CcmH
has two domains (which are separate polypeptides in some
organisms), shown in Fig. 1A, with the N-terminal domain
(N-CcmH) carrying two cysteine residues and the C-termi-
nal domain (C-CcmH) exhibiting tetratricopeptide repeat
(TPR) motifs. The absence of CcmH results in the com-
plete absence of c-type cytochromes, which bind the heme
cofactor covalently via a CXXCH motif, and are required
for various modes of anaerobic growth of E. coli [1]. It
was demonstrated that N-CcmH was essential for cyto-
chrome c biogenesis, but that C-CcmH was not [1,2].
The N-CcmH orthologue in Rhodobacter, Ccl2, is essentialAbbreviations: Ccm, cytochrome c maturation; TPR, tetratricopeptide
repeat
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quired to produce cytochromes c [3], and the C-CcmH
orthologue (called CcmI/CycH in Rhodobacter), in contrast
to E. coli, is also required [4].
The conserved RCXXC motif is proposed to form the ac-
tive site of N-CcmH, with the cysteines being involved in
reducing disulphide bonds that can form between the cyste-
ines in the cytochrome heme-binding motifs. A pathway exists
to provide the required reductant from the cytoplasm, which
is thought to be transferred via the proteins DsbD and CcmG
[5]. Mutations of the CcmH cysteines have given unexpected
results; replacement of either or both cysteines with serine re-
sulted in a loss of c-type cytochromes under aerobic growth
conditions in E. coli, whereas only the second was required
anaerobically [1]. Recent insight into the active site of the
protein came from the crystal structure of the soluble domain
of CcmH (N-CcmHsol) from Pseudomonas aeruginosa [6],
shown in Fig. 1B, which has a three helix bundle fold that
has not been observed previously for a thiol oxidoreductase.
The cysteine residues are found on a loop and other amino
acids are implicated in being important for function; these in-
clude R42, S54 and R63. The same work showed interaction
of N-CcmHsol with a cytochrome c model peptide. Interac-
tion between an apocytochrome and Arabidopsis CcmH has
also been implicated by two-hybrid analysis [7]. The latter
two studies suggest that CcmH interacts directly with apocy-
tochromes, but the result that both cysteines of the E. coli
protein are not essential under all growth conditions might
suggest that the interaction is not based only on thiol/disul-
phide reduction/oxidation.
Recently, the TPR structure of the soluble domain of the
E. coli protein NrfG, which has similarity with C-CcmH,
was reported [8], giving insight into the function of the other
periplasmic domain of CcmH. The proteins NrfEFG are
paralogues of CcmFH, and are involved in the speciﬁc heme
attachment to an unusual cytochrome motif (CXXCK) in
the nitrite reductase NrfA [2,9]. The NrfG structure adds
weight to the previous suggestion that the TPR motifs ob-
served in the sequences of C-CcmH/CcmI/NrfG are involved
in interaction with the cytochrome substrate. TPR motifs pres-
ent a ubiquitous structural motif that mediates protein–protein
interactions in many systems [10].
In this work, we examine by site-directed mutagenesis the
role of some of the conserved residues of CcmH, including
some highlighted by recent structural data of the active site,
as well as a truncated form of the protein, and test the eﬀect
of these alterations on the function of CcmH in the cyto-
chrome c biogenesis pathway.blished by Elsevier B.V. All rights reserved.
Fig. 1. (A) The membrane topology of E. coli CcmH. The cysteine-
containing motif is found in the N-terminal domain. The C-terminal
domain contains TPR motifs and is homologous to CcmI, a separate
protein found in some other organisms (e.g. Rhodobacter). (B) The
structure of the N-terminal domain of CcmH. The protein shown is
from Pseudomonas aeruginosa (PDB accession code 2HL7, [6]). The
active-site cysteines, which are disulphide bonded in the crystal
structure, are shown, as well as the other amino acids studied in this
work. The structure was rendered using RasTop (http://www.genein-
ﬁnity.org/rastop/).
3068 I.B. Robertson et al. / FEBS Letters 582 (2008) 3067–30722. Materials and methods
2.1. Strains, plasmids and culture conditions
E. coli strain EC06 [11], which has a chromosomal deletion of the
ccm operon, was used to examine the eﬀect of CcmH variants on holo-
cytochrome c formation. E. coli strain XL-10 Gold (Stratagene) was
used as a cloning host. Mutations in ccmH were generated by Quik-
Change mutagenesis (Stratagene) using pEC86 as the template DNA
and KOD polymerase (Novagen); the plasmids generated are listed
in Table 1. The entire ccm operon was sequenced in each case to ex-
clude additional coding mutations. pEC86 confers chloramphenicol
resistance and expression of the ccm operon is constitutive [12].
Anaerobic cultures were grown in 500 ml bottles, ﬁlled to capacity,
at 37 C, without shaking, on minimal salt medium [13], supplemented
with 2.5 g/l nutrient broth (Oxoid), 0.4% glycerol, 1 mg/l thiamine,Table 1
Plasmids used in this work
Plasmid Plasmid features/protein(s) exp
pEC86 CcmABCDEFGH, Cmr
pEC232 CcmABCDEFGDH, Cmr
pEC86IR1 CcmH R42A (pEC86-based),
pEC86IR2 CcmH C43A (pEC86-based),
pEC86IR3 CcmH C46A (pEC86-based),
pEC86IR4 CcmH C43A/C46A (pEC86-ba
pEC86IR5 CcmH S54A (pEC86-based), C
pEC86IR6 CcmH R63A (pEC86-based),
pEC86IR7 CcmH V127X (pEC86-based),
pEC86IR8 CcmH C43A/V127X (pEC86-b
pEC86IR9 CcmH C46A/V127X (pEC86-b
pEC86IR10 CcmH C43A/C46A/V127X (pE
pKPD1 Cytochrome c550 from Paraco1 ml/l sulphur-free metal stock solution [14], 40 mM fumarate and
5 mM nitrate as terminal electron acceptors. Aerobic cultures were
grown in 200 ml LB (Luria-Bertani) medium, in 2 l ﬂasks at 37 C with
shaking at 200 rpm. Chloramphenicol was used at 33 lg/ml and ampi-
cillin at 100 lg/ml. Cytochrome expression was induced with 1 mM
isopropyl b-D-thiogalactopyranoside (IPTG) added on inoculation.
2.2. Analysis of cytochrome c production
Periplasmic extractions were performed as described previously [15].
These were analyzed by SDS–PAGE (Invitrogen pre-cast 10% Bis-Tris
gels) followed by heme staining [16], which stains the gels for cova-
lently bound heme. Samples were normalized for wet cell weight and
5–10 lg of protein was loaded per lane; gels were stained for protein
(using Simply Blue Safe stain (Invitrogen)) to conﬁrm that comparable
amounts of periplasmic protein in general were loaded in each lane and
were thus unbiased by varying expression levels of cytochrome c. See-
Blue Plus 2 (Invitrogen) was used as a prestained protein marker. UV–
Vis spectroscopy was performed using a Cary- 4000 UV–Vis spectro-
photometer (Varian); samples were reduced by the addition of a few
grains of disodium dithionite (Sigma).3. Results
3.1. The eﬀect on cytochrome c biogenesis of cysteine variants of
CcmH under anaerobic conditions
The strain EC06 [11] lacks the endogenous ccm operon and
was used to test the variants of CcmH co-expressed with wild-
type copies of the other Ccm proteins (from derivatives of plas-
mid pEC86 [12]). A monoheme cytochrome c (Paracoccus den-
itriﬁcans cytochrome c550, [17]) was used as an exogenous
cytochrome to test the function of the CcmH variants C43A,
C46A and the double mutant C43A/C46A. This exogenous
cytochrome was used to facilitate detection of holocytochrome
product. The periplasmic extracts of anaerobic cultures were
analyzed by SDS–PAGE, followed by heme staining, shown
in Fig. 2. Holo-cytochrome c550 has a mass of 14 kDa and
was produced at a high level in the presence of wild-type
CcmH, shown by the strong heme-staining band in lane 1.
Lane 2 indicates a reduced level of cytochrome compared to
the wild-type when C43 of CcmH was replaced with alanine.
Lane 3 indicates that there is also less cytochrome c produced
when the other cysteine, C46, is replaced, but there was repeat-
edly more cytochrome produced by the C46A variant than by
C43A. Even the double cysteine mutant C43A/C46A, shown in
lane 4, produced signiﬁcant levels of holocytochrome c.
UV–Vis absorption spectra of the same periplasmic extracts
(reduced with dithionite) were collected and conﬁrmed the
relative levels of cytochrome c production (not shown).ressed Reference
[12]
[1]
Cmr This work
Cmr This work
Cmr This work
sed), Cmr This work
mr This work
Cmr This work
Cmr This work
ased), Cmr This work
ased), Cmr This work
C86-based), Cmr This work
ccus denitriﬁcans, Ampr [17]
Fig. 2. Eﬀects of replacing one or both cysteines of CcmH by alanine,
and/or loss of the C-terminal domain, on holo c-type cytochrome
formation under anaerobic conditions. Holo c-type cytochrome
formation was detected by SDS–PAGE analysis (followed by heme
staining) of periplasmic extracts of anaerobically cultured E. coli strain
EC06 containing plasmid pKPD1 (encoding cytochrome c550) and
forms of pEC86 expressing the variants of CcmH indicated above the
gel. The pEC86-based plasmids all contain wild-type copies of the
other ccm genes. M indicates molecular mass markers of 3, 6, 14, 17,
28, 38, 49 and 62 kDa.
Fig. 3. Eﬀects of replacing one or both cysteines of CcmH by alanine,
and/or loss of the C-terminal domain, on holo c-type cytochrome
formation under aerobic conditions. Holo c-type cytochrome forma-
tion was detected by SDS–PAGE analysis (followed by heme staining)
of periplasmic extracts of aerobically cultured EC06 containing
plasmid pKPD1 (for cytochrome c550) and forms of pEC86 expressing
the variants of CcmH indicated above the gel. M indicates molecular
mass markers of 3, 6, 14, 17, 28, 38, 49 and 62 kDa.
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conﬁrms that the cytochrome c produced (which has an a-
band maximum at 550 nm) contains heme attached in the same
way as the WT, and conﬁrms that they are produced at lower
levels, consistent with the results from heme staining.
As discussed, in many organisms there are two separate
polypeptides that correspond to the N- and C-terminal do-
mains of E. coli CcmH, namely CcmH and CcmI. Truncation
of E. coli CcmH, at the end of the N-terminal domain (i.e., be-
tween the two transmembrane helices), has been performed
previously [1]. We wished to investigate the eﬀect of a similar
truncation in our system and replaced the codon for Val127,
which is within the cytoplasmic loop of CcmH, with a stop co-
don (V127X), in addition to producing variants of the trun-
cated CcmH lacking each as well as both cysteines (C43A/
V127X, C46A/V127X and C43A/C46A/V127X). The results
for these variants, grown anaerobically, are also shown in
Fig. 2. The result in lane 5 (for V127X), indicating that C-
CcmH is not essential for cytochrome c biogenesis, agrees with
previous observations on this region of the protein; similar lev-
els of cytochrome as with the WT CcmH were observed. Lanes
6 and 7 show the single cysteine variants of the truncated
CcmH; some cytochrome is detected in the case of C46A/
V127X (though less than C46A in the full-length protein (lane
3)), whereas none was observed in the C43A/V127X variant.
Lane 8 shows that no cytochrome is produced in the truncated
variant when both cysteines are absent. This contrasts with
lane 4 which shows that some cytochrome c is produced under
anaerobic conditions in the absence of both cysteines, but
when the TPR domain is present. Yet we ﬁnd here that thetruncated variant, which on its own is unaﬀected in cyto-
chrome biogenesis, is unable to produce cytochrome when
the two cysteine residues are replaced by alanine. Lane 9 con-
ﬁrms, as expected, that the complete absence of CcmH pre-
vents cytochrome c formation.
We also note that there is a small amount of holo-NfrA (a
multiheme cytochrome c that is a nitrite reductase) detected
in some lanes on the gels shown in Figs. 2 and 4 (the faint
heme-staining band above the 49 kDa marker band). This is
one of the endogenous E. coli c-type cytochromes that would
be expected to be produced periplasmically under anaerobic
conditions with the growth medium used, and the only one
of this size. Holo-NrfA appears to be produced in a similar
pattern to the exogenous cytochrome c550; it is present with
WT CcmH as well as with the variants producing high levels
of cytochrome c550. This indicates a parallel between the func-
tion of CcmH in processing exogenous and endogenous cyto-
chromes.3.2. The eﬀect on cytochrome c biogenesis of cysteine variants of
CcmH under aerobic conditions
Although E. coli makes all of its endogenous c-type cyto-
chromes under anaerobic conditions, it can produce exogenous
cytochromes aerobically in the presence of the plasmid pEC86
encoding the ccm operon. We tested the CcmH variants in aer-
obic growth conditions; the results are shown in Fig. 3. Lane 1
shows the wild-type level of cytochrome production. Holocy-
tochrome c production was absent in the case of all the other
variants with the exception of the truncated form, i.e. lacking
the C-terminal TPR domain, which showed lower, but signiﬁ-
cant, levels of cytochrome c compared with the WT (lane 5).
Fig. 4. Eﬀects on holo c-type cytochrome formation of replacing
putative non-cysteine active-site residues of CcmH. SDS–PAGE
analysis (followed by heme staining) of periplasmic extracts of
anaerobically cultured EC06 containing plasmid pKPD1 (for P.
denitriﬁcans cytochrome c550) and forms of pEC86 expressing the
variants of CcmH indicated above the gel. M indicates molecular mass
markers of 3, 6, 14, 17, 28, 38, 49 and 62 kDa.
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other putative active-site residues of CcmH
A recent crystal structure of CcmH from P. aeruginosa indi-
cated the amino acids that form the active site of the protein [6]
and therefore those that might be important in N-CcmH in E.
coli. These include S54 (numbered according to the E. coli pro-
tein; residue 36 in the P. aeruginosa protein, PaCcmH), R63
(R45 in PaCcmH), and R42 (R24 PaCcmH). These were mu-
tated to alanine and cytochrome levels were tested. The results,
for cultures grown anaerobically, are shown in Fig. 4. Lane 1
shows the level of cytochrome produced by WT CcmH. Lanes
2–4 show periplasmic extracts for the R42A, S54A and R63A
variants, respectively. Lane 5 shows a control in which CcmH
is absent. In the active-site residue variants signiﬁcant amounts
of cytochrome were detected. Spectroscopic analysis of the
periplasmic extracts conﬁrmed the relative levels of cyto-
chrome c production with the diﬀerent CcmH variants, and
again showed that the cytochrome has similar spectroscopic
properties to that produced by the WT biogenesis system
(not shown). The same series of CcmH variants was tested un-
der aerobic growth conditions; a very similar pattern of cyto-
chrome c production was observed (result not shown).4. Discussion
4.1. The active-site cysteines of CcmH
The results of our experiments testing the function of the
cysteine residues of CcmH under anaerobic conditions diﬀer
from those presented previously [1]. In the latter study, it
was shown that replacement of C43 with serine resulted inapproximately wild-type levels of cytochrome production,
whereas the C46S mutant showed dramatically reduced activ-
ity. Our results suggest the opposite, where the C43A replace-
ment resulted in lower activity than the C46A mutant. These
discrepancies could be due to the nature of the replacing amino
acid. Serines were used in the previous work, whereas our
replacements were with alanine. Replacing cysteines with ser-
ines is accompanied by the possibility of introducing new
hydrogen bonds and it is generally accepted that cysteine to
alanine substitutions are more readily interpreted. There are
also diﬀerences in the culture conditions: we have used nitrate
as electron acceptor, whereas the previous study used nitrite.
Our results indicate that the importance of the cysteine resi-
dues of CcmH is not equal under aerobic and anaerobic con-
ditions. We observed signiﬁcant levels of cytochrome
production even in the absence of both cysteines in anaerobic
cultures, whereas both cysteines appeared essential for wild-
type levels of function in aerobic conditions. This was also ob-
served in the previous study with the serine substitutions [1]
where C43 was largely dispensable in anaerobic cytochrome
production but its absence in aerobic cells resulted in a signif-
icant decrease in cytochrome produced. The latter study
showed that a certain amount of cytochrome was produced
in aerobic conditions in all three variants, and to a similar le-
vel, whereas we ﬁnd no cytochrome when both cysteines are
absent. The diﬀerences in the results we have observed could
also be because of the diﬀerent, although similar, exogenous
cytochromes c used. Both were bacterial monoheme cyto-
chromes (ours from P. denitriﬁcans and that used in Fabianek
et al. [1] from Bradyrhizobium japonicum), but diﬀerent reactiv-
ities of the cysteine thiols in each protein towards oxidation
could mean that, under diﬀerent growth conditions, their con-
version to holocytochrome would depend diﬀerently on the
presence of a reducing protein (CcmH). A simpler possibility
is that the cultures in the present work were maintained at a
higher degree of aerobicity.
If CcmH functions in the reduction of disulphides (as has been
generally accepted [5]) then the redundancy of its cysteines un-
der anaerobic conditions is arguably not surprising. Without
oxygen, which presumably contributes to the oxidizing environ-
ment of the periplasm, the need for reductant might be less sig-
niﬁcant as the CXXCHmotifs of apocytochromes are less likely
to form disulphides (the formation of disulphide bonds within
the heme-binding motif obviates covalent heme attachment).
We must consider the possibility that CcmH is not involved
in the disulphide exchange pathway in the periplasm involving
CcmG and DsbD, especially because anaerobic cytochrome c
production is not abolished when both the cysteines are re-
moved though CcmH itself appears to be essential (according
to studies of a deletion strain, and results in this work (Fig.
2)). It is noteworthy however, that a reductant (though only
one of several tested), added to the growth medium, was able
to complement for the cysteine mutants of CcmH and even
for its absence to an extent [1]. In addition, the soluble domain
of Ccl2 from Rhodobacter capsulatus (a homologue of N-
CcmH) was able to reduce a cytochrome c peptide in vitro
[18]. These results suggest a thiol oxidoreductase role, at least
for N-CcmH.
4.2. The function of the C-terminal domain of CcmH
Consistent with previous observations [1], we found that the
absence of C-CcmH did not abolish the function of the protein
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tions the cysteine residues were also not essential. However, re-
moval of C-CcmH in the absence of the cysteines did lead to a
loss of function. The single-cysteine truncated variants showed
that, like in the full-length protein, the absence of C43 was less
well tolerated, whereas some cytochrome c was produced when
the truncated form lacked C46. These results suggest some
functional redundancy between the two domains of CcmH.
C-CcmH (or CcmI) might interact with apocytochrome acting
with a chaperone-like function, which under some conditions
might facilitate cytochrome c biogenesis without the need for
reductant provided by N-CcmH. This could occur if the apo-
cytochrome were not oxidized in the ﬁrst place (as might occur
under anaerobic conditions), or if C-CcmH were able to some-
how prevent oxidation of the CXXCH. This redundancy is
consistent with Rhodobacter results showing that if CcmFG
and N-CcmH are overexpressed then the lack of cytochrome
c production in the absence of CcmI is suppressed [19]. The lat-
ter result suggests that if the availability of cytochrome biosyn-
thesis proteins is increased (as would be expected by
overexpression of other Ccm proteins) then the need for a
chaperone-like function is bypassed.
We also relate the results in this work with our observation,
based on genomic data, that archaea and some bacteria
(including strictly anaerobic sulphate reducers) appear to lack
a gene encoding CcmH [20]. This would be consistent with N-
CcmH not being essential under all (especially anaerobic)
growth conditions. A CcmI-like protein appears, however, to
be present in sulphate-reducing bacteria that lack N-CcmH
[21], though its importance remains to be demonstrated.
4.3. Other active-site residues of the N-terminal domain of
CcmH
We were surprised to observe that residues implicated as
important in the active site of the N-CcmH, according to struc-
tural data, did not appear to be essential for the function of the
protein in our experiments. Under aerobic and anaerobic con-
ditions we found that high levels of cytochrome c were de-
tected for the R42A, S54A and R63A CcmH variants. It is
striking that the cysteine residues of CcmH are dispensable un-
der anaerobic conditions but not aerobically, whereas the
other putative active-site residues appear to be non-essential
in either growth condition. In the crystal structure S54 is
hydrogen bonded to a water molecule which is in close contact
with one of the cysteine residues; its replacement with alanine
would obviously disrupt this hydrogen bond network. The
lack of a signiﬁcant eﬀect on cytochrome c production in the
S54A CcmH variant would suggest that the serine is not in-
volved in activation of the cysteine residue (as opposed to
the previous suggestion [6]). R63 is hydrogen-bonded to the
backbone of S54, and was, for the same reason, argued to be
involved in establishing the reactivity of the active site. Again,
we found that its absence has little eﬀect on the function of the
protein, also questioning the importance of the H-bond net-
work. Replacement of the third residue tested, R42, also found
to be close to the cysteine residues and proposed to be involved
in interaction with partners of CcmH (apocytochrome and/or
CcmG, [6]), also did little to reduce the activity of the protein.
This residue, which precedes the CXXC motif, appears to be
highly conserved among CcmH proteins so it being non-essen-
tial seems surprising.Further structural and functional studies of CcmH, in
particular on the seemingly independent functions of its two
domains and their interaction with apocytochromes c, will
resolve how this complex protein functions in cytochrome c
biogenesis.Note added in proof
Very recently the structure of the N-terminal soluble domain
of E.coli CcmH was reported and was found to be a helix-
swapped dimer [22], diﬀering from the P. aeruginosa structure
which was monomeric [6]. The study on E. coli CcmH also in-
cludes some functional analysis of the protein.
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